Abstract We examined whether there is a relationship between repolarization abnormalities on electrocardiography (EKG) and deformation abnormalities by echocardiography. Analysis of baseline EKGs and mechanical (echo-based deformation) changes was performed in 128 patients with a clinical diagnosis of hypertrophic cardiomyopathy (HCM). Patients with left ventricular hypertrophy (LVH) or repolarization abnormalities had higher septal thickness when compared to patients with normal EKG. Patients with EKG evidence of LVH or QT c prolongation had lower systolic velocity, systolic strain, systolic strain rate, late diastolic velocity, and late diastolic strain rate than patients with a normal EKG. Patients with strain pattern or ST depression/T-wave inversion had lower systolic velocity, systolic strain, systolic strain rate, early diastolic velocity, and late diastolic velocity when compared to patients with normal EKGs. LVH and repolarization abnormalities on surface EKG are markers of impaired systolic and diastolic mechanics in HCM.
Introduction
Hypertrophic cardiomyopathy (HCM) is the most common (1:500) inherited cardiovascular disorder characterized by ventricular hypertrophy, myocyte disarray, and replacement/ interstitial fibrosis which often result in arrhythmias, sudden death, and heart failure [1] . A fair proportion of patients are asymptomatic, and a common and often recognized feature of HCM is the prominent electrocardiography (EKG) abnormalities that range from left ventricular hypertrophy (LVH) to a variety of repolarization abnormalities including QT c prolongation, strain pattern, and ST and/or T-wave changes.
Deformation mapping by echocardiography has led to several published reports of lower systolic and diastolic strain rates and lower systolic strain in HCM, particularly in the hypertrophied regions [2] [3] [4] . There are limited data in the HCM literature (in 41 children), suggesting that the strain pattern on EKG is associated with systolic mechanical changes [5] . But it is not known whether the typical strain pattern has more significant mechanical implications than other ST-T abnormalities. Furthermore, the relationship between various EKG features of cardiac repolarization assessed by routine surface EKG and cardiac mechanics has not been explored in adult HCM patients.
The key pathophysiologic processes in HCM may provide common underlying mechanisms, resulting in electrical and mechanical abnormalities. Figure 1 illustrates the close relationship between electrophysiology and cardiac mechanics. Hypertrophy, ion channel/gap junction remodeling, and fibrosis which commonly occur in HCM can prolong repolarization [6] , promote spatial dispersion of repolarization, alteration of the repolarization sequence [7] , resulting in ST segment depression and/or T-wave inversion on surface EKG and impairment of diastolic mechanics [8] . Downregulation of repolarizing K + currents reduces cardiac repolarization reserve while alterations in Ca 2+ handling can influence action potential duration and systolic mechanics. Hence, understanding the electromechanical relationship in HCM may provide insights into the pathologic process and incremental clinical information particularly for individual risk assessment.
Although there are substantial published data separately describing EKG abnormalities and cardiac mechanics in HCM, there are no published data on electromechanical associations in adult HCM patients. We therefore examined EKG and cardiac mechanics by echocardiography, to better understand the electromechanical relationships in adult HCM patients.
Methods
We enrolled patients from the Johns Hopkins HCM registry. We used the following diagnostic criteria outlined by the American College of Cardiology-American Heart Association guidelines for the diagnosis of HCM [9] : (1) septal or apical wall thickness ≥15 mm, in the absence of other causes of LVH such as hypertension and/or valvular disease such as aortic stenosis; (2) LV posterior wall thickness <12 mm; and (3) ratio of septum/apex to posterior wall>1.5. Patients with ventricular pacing, history of myocardial infarction, and alcohol septal ablation or myectomy before echocardiography were excluded. All patients had a 12-lead EKG at rest, and echocardiograms for assessment of cardiac anatomy and mechanics on the same day, and within a week of their clinic visit. All EKGs were evaluated by two independent observers, who were blinded to the clinical information and echocardiography results of the patients. The echocardiography analyses were performed by investigators, who were blinded to the EKG results of the patients. independent observers, who were blinded to the clinical information of the patients. Heart rate, PR interval, QRS axis, QRS duration, QT interval, and QT c (using Bazett's formula) were measured automatically at acquisition and confirmed by manual measurements using electronic callipers. Patients with left (LBBB) and right bundle branch block (RBBB) were analyzed as a separate group because of secondary repolarization changes that occur due to BBB. EKG-LVH was defined using the Sokolow-Lyon criterion (S in V1+ R in V5 or V6 ≥35 mm) [10] or Cornell product ((SV3+ RaVL)×QRS duration ≥2,440 mm ms for men; (SV3+(RaVL+8 mm))×QRS duration ≥2,440 mm ms for women) [11] . A prolonged QT c interval was defined as at least 450 ms for men and at least 470 ms for women in the absence of bundle branch block and intra-ventricular conduction defect (IVCD) [12] . Cardiac repolarization was carefully analyzed by specifying EKG leads to three groups: group1-high lateral (I and aVL), group2-antero-lateral (V4-V6), and group3-inferior (II, III, aVF) leads. We identified the following patterns: The classical strain pattern was defined by a down-sloping convex ST-segment depression ≥1 mm with an inverted asymmetrical T-wave opposite to the QRS axis in at least two contiguous leads [13] . Early repolarization was defined as slurring or notching of the terminal part of QRS complex and the beginning of the ST segment in at least two contiguous leads and J-point/ST elevation >1 mm. Non-specific ST depression (STD) was defined as ST-segment depression ≥1 mm below the baseline at 80 ms after the J point in at least two contiguous leads. Non-specific T-wave inversion (TWI) was defined as T-wave inversion >1 mm in at least 2 contiguous leads. Giant T-wave inversion was defined by a symmetrical, negative T-wave of 10 mm or more in at least two contiguous leads [14, 15] . Non-specific ST elevation was defined as ST-segment elevation ≥1 mm above the baseline at 80 ms after the J point in at least two contiguous leads. We combined patients who had either nonspecific ST depression or non-specific T-wave inversion for analysis because of frequent overlap between these two features. Normal EKG was defined by lack of abnormal EKG features. Representative EKGs of patients with different repolarization patterns are illustrated in Fig. 2a- [16] [17] [18] [19] . The apical four-chamber, two-chamber, and long axis views of color two-dimensional tissue Doppler images were acquired at a frame rate of 100-140 frames/s. Tissue Doppler-based parameters were measured in the longitudinal direction only at the basal and mid segments of six walls. Apical segments were excluded as reliable tissue velocity, and strain data are not feasible in these segments. Three consecutive cardiac cycles were measured, and the average was obtained. Global values for tissue velocity were averaged across six basal segments and global strain values across 12 basal and middle segments. Tissue Doppler-derived longitudinal velocity and strain were analyzed offline using GE EchoPAC software (version BT08). Inter-and intra-observer agreement was 92 and 96 %, respectively, for strain measurements.
Electrocardiographic Studies
We measured the following parameters, as sensitive indicators of systolic and diastolic left ventricular function ( Fig. 3 ): Systolic velocity (Sm), systolic strain rate (sSR), and systolic strain (S) which reflect global and regional contractile function [19] [20] [21] [22] [23] ; early diastolic velocity (Em) and strain rates (eSR) which provide information about global and regional relaxation properties [24] [25] [26] [27] [28] ; late diastolic velocity (Am) and strain rate (aSR) which are determined by left atrial dP/dt, left atrial relaxation, LV end-diastolic pressure, and LV stiffness [26, 29] ; and ratio of Mitral E velocity to Em (E/Em) which correlates well with mean pulmonary capillary wedge pressure and hence is an estimate of LV filling pressure [24] .
Statistical Analysis Continuous variables were expressed as mean±standard deviation; categorical variables were presented as absolute and percentage numbers. Statistical analysis was performed using JMP 8.0 software. The Student's t test or the Wilcoxon rank sum test was used to test significance between groups. Chi-square test was used for categorical variables. A p value<0.05 was considered statistically significant.
Results

Demographic and Clinical Characteristics
We analyzed data from 128 consecutive patients with a clinical diagnosis of HCM, who had adequate quality of echocardiograms and EKG (mean age 53±16 years; 90 men). Majority of the patients (82 %) were NYHA class I or II. Pre-syncope, syncope, and a confirmed family history of HCM were present in 13, 13, and 20 % of the patients, respectively. Only 33 % of patients had evidence of LV outflow tract obstruction at rest, Fig. 2 Representative electrocardiograms in HCM patients: a strain pattern: down-sloping convex ST-segment depression ≥1 mm with an inverted asymmetrical Twave opposite to the QRS axis in at least two contiguous leads. See lead V4-V6; b early repolarization: slurring or notching of the terminal part of QRS complex and the beginning of the ST segment in at least two contiguous leads and Jpoint/ST elevation >1 mm. See I, V4-V6; II, III, aVF; c giant T-wave inversion: symmetrical negative Twave of 10 mm or more in at least two contiguous leads. See lead V4 and V5; d non-specific ST elevation: ST-segment elevation ≥1 mm above the baseline at 80 ms after the J point in at least two contiguous leads. See II, III, V4-V6; e nonspecific ST depression: ST-segment depression ≥1 mm below the baseline at 80 ms after the J point in at least two contiguous leads. See V4-V6; II, III, aVF; f non-specific Twave inversion. T-wave inversion >1 mm in at least two contiguous leads. See I, aVL, V4-V6; g normal EKG using a cutoff of 30 mmHg. Demographic and echocardiographic data of the patients are presented in Table 1 .
Electrocardiographic Features in HCM Patients
We analyzed rest EKGs of HCM patients; the results are summarized in Table 1 . RBBB and LBBB were present in 11 and nine patients, respectively; these patients were excluded from other analysis. Of the remaining patients, 14 had normal EKGs, 54 had EKG evidence of LVH, 32 had QT c prolongation, 21 had the classical strain pattern, 8 had early repolarization, 28 had non-specific TWI, and 6 had STD (Table 1 ; Fig. 4 ). The typical strain pattern and non-specific T-wave inversion were most frequently observed in high lateral (I, aVL) and anterolateral leads (V4-V6), whereas non-specific ST depression was more common in anterolateral (V4-V6) and inferior leads (II, III, aVF) ( Table 2 ; Fig. 2a, e, f) . Giant T-waves were seen in one patient (Fig. 2c) . Majority (86 % or 18 of 21) of patients with the classical strain pattern had EKG-LVH, but only 33 % (18 of 54) of patients with EKG-LVH demonstrated the classical strain pattern (Fig. 4) . A small proportion, namely 20 % (11 of 54) of patients with EKG-LVH, had no repolarization abnormalities.
Prevalence of ≥1 risk factors for sudden death (non-sustained ventricular tachycardia, unexplained syncope, family history of sudden death in a first degree relative, maximal LV wall thickness ≥3 cm, and abnormal BP response to exercise) was significantly higher in patients with EKG-LVH (p=0.01), QT c prolongation (p=0.03), strain pattern (p=0.04), and non-specific STD/TWI (p=0.005). Conventional Echocardiography vs. EKG Conventional echocardiographic measurements were performed to assess LV geometry and function. LV outflow tract gradients were similar, but septal thickness was higher in patients with EKG-LVH (21±4 vs. 17±3 mm, p=0.001), QT c prolongation (20±5 vs. 17±3 mm, p=0.019), strain pattern (21±4 vs. 17±3 mm, p=0.012), and non-specific ST depression/Twave inversion (21±5 vs. 17±3 mm, p=0.012) when compared to patients with a normal EKG (Table 3) . (Fig. 3) were analyzed as sensitive indicators of systolic and diastolic left ventricular function. Patients with EKG evidence of LVH or QT c prolongation had lower Sm, S, sSR, Am, and aSR than patients with normal EKGs (Table 3) , suggesting impaired contractile function, diastolic dysfunction, and higher LV stiffness. Patients with strain pattern or non-specific ST depression/T-wave inversion on EKG had lower Sm, S, sSR, Em, and Am when compared to patients with normal EKGs (Table 3) , indicating the presence of impaired contractile function and diastolic dysfunction. The only statistically significant difference between patients with strain pattern and non-specific ST depression/T-wave inversion was lower late diastolic velocity (Am −2.6±1.2 vs. −3.7±1.6 cm/s, p=0.02) and late diastolic strain rate (aSR 0.7±0.3 vs. 1.0±0.4 s −1 , p=0.049) in patients with strain pattern on EKG, suggesting that patients with strain pattern on EKG have higher LV filling pressures and LV stiffness than patients with non-specific STD/TWI (Table 3) .
Cardiac Mechanics vs. EKG Tissue Doppler indices
Patients with EKG-LVH plus repolarization abnormality (n=43) demonstrated lower late diastolic strain rate (aSR 0.8±0.3 vs. 1.0±0.4 s −1 , p=0.039) when compared to patients with repolarization abnormality alone (n=25). Mean interventricular septal thickness (22±4 vs. 19±5 mm, p=0.019) was also higher in patients with EKG-LVH plus repolarization abnormality (n=43) when compared to patients with only repolarization abnormality (n=25) (patients with QT c prolongation, strain pattern, non-specific ST depression/Twave inversion, non-specific ST elevation, and giant Twave inversion were included in the abnormal repolarization group).
Imaging Features of HCM Patients with Normal EKGs HCM patients with normal EKGs had evidence of asymmetric septal hypertrophy. LV end-systolic and end-diastolic diameters, LV end-systolic and end-diastolic volumes, and ejection fraction were all within the normal range [30] . Of these, 36 % (five of 14) of the patients had non-obstructive HCM. These patients had evidence of elevated LV filling pressure and grade II (pseudo-normal pattern) diastolic dysfunction based on their E/A ratio, deceleration time, and E/Em values. Diastolic mechanics were reduced compared to historic 
Discussion
Our study indicates an association between cardiac repolarization abnormalities and deformation changes in HCM. The novel findings of our study are that HCM patients with repolarization abnormalities consisting of QT c prolongation, EKG strain pattern, or non-specific ST depression/T-wave inversion had greater impairment of systolic and diastolic cardiac mechanics (despite a preserved LVEF), when compared to patients with normal EKGs. Furthermore, HCM patients with strain pattern demonstrated greater impairment of late diastolic mechanics compared to those with nonspecific ST depression/T-wave inversion. These findings have not been previously reported in HCM but are not unexpected given that key aberrations in cellular physiology such as Ca 2+ can underlie both electrical repolarization and mechanical perturbations. Using EKG and mechanics together rather than separately may allow more granular characterization of the wider HCM population with direct clinical implications.
Normal EKG We found that 11 % (14 of 128) of the patients in our HCM population had normal EKGs. These patients had better systolic and diastolic mechanics than patients with repolarization abnormalities on EKG, suggesting a mild phenotype or early disease [31] . Our findings are concordant with a previous HCM study which found normal EKGs in 6 % of their patients, lower septal wall thickness, fewer symptoms, and need for implantable cardioverter defibrillator implantation as well as better long-term outcomes [32] . However, EKG-LVH is also frequently seen in athletes in response to physical training, but not associated with adverse consequences. In this study, we found that patients with EKG-LVH exhibited greater impairment of systolic and diastolic mechanics than patients with normal EKGs, suggesting that evidence of LVH on surface EKG is indicative of adverse cardiac remodeling in patients with HCM.
Repolarization Changes The QT interval represents the time taken to activate the ventricle (reflected in the QRS duration) and completely repolarize (ST segment) (Fig. 1) . The polarity of the ST segment and the T-wave on the surface EKG result from several simultaneous voltage gradients during repolarization, which in turn depend on heterogeneity of action potential morphology and duration in the left and right ventricles (LV and RV [36] ) as well as intra-ventricular conduction velocity or activation time [7] . It is known that even a small net gradient in a predominant direction can change the polarity of the T-wave and ST segments [7] . QT c prolongation at rest is frequently seen in patients with heart failure and pathologic LVH, but not in athletes with physiologic hypertrophy [37] . Patch clamp studies in experimental models indicate that decrease in functional repolarizing K + current densities in hypertrophied myocytes (reduced repolarization reserve) is the main cause of QT c prolongation and arrhythmias in pathologic hypertrophy. In contrast, exercise training was found to increase the amplitudes of repolarizing K + current densities in hypertrophied myocytes, preventing an increase in QT c interval [38] . QT c prolongation was seen in 34 % (32 of 93) of the HCM patients that we studied, after excluding BBB and IVCD. Patients with QT c prolongation also had evidence of impaired contractile function, diastolic dysfunction, and higher LV stiffness, when compared to patients with normal EKGs, suggesting that QT c prolongation in HCM patients is a marker of adverse electrical and mechanical remodeling.
A prolonged QT interval accompanied by an increase in the spatial dispersion of repolarization, manifested by abnormal T-waves, creates a substrate for reentrant arrhythmias [39] . However, agents (e.g., amiodarone) that prolong the QT c interval without increasing the spatial dispersion of repolarization may not be pro-arrhythmic, suggesting that QT c prolongation is not the sole determinant of arrhythmias [39] . On the other hand, isolated ST and T-wave changes which are commonly seen in patients with hypertension, athletes, and HCM are attributed to a change in the sequence of repolarization, and may not be a pro-arrhythmic marker in the absence of prolonged repolarization (QT c interval). The presence of ST-T changes in the setting of QT c prolongation may indicate an increased spatial dispersion of repolarization and could be a marker of an arrhythmogenic substrate; these features were present in 16 % (21 of 128) of our HCM patients (Fig. 4) . Patients with strain pattern or non-specific STD/TWI had greater impairment of systolic and diastolic mechanics when compared to patients with normal EKGs, suggesting that these repolarization changes on the surface EKG also are markers for adverse mechanical remodeling in HCM.
Ventricular activation normally propagates via the HisPurkinje system from endocardium to epicardium, but Electromechanical profiles for patients with normal EKGs and patients with evidence of LVH and repolarization abnormality on surface EKG (abnormal repolarization refers to QT c prolongation, strain pattern, non-specific ST depression/Twave inversion, non-specific ST elevation, and/or giant T-wave inversion). LVH left ventricular hypertrophy, IVS mean interventricular septum, sSR mean systolic strain rate, eSR mean early diastolic strain rate, aSR mean late diastolic strain rate, S maximal systolic strain repolarization proceeds from epicardium to endocardium because of differences in repolarization properties of the three main electrophysiologically distinct cell types (epicardial, endocardial, and M cells) that comprise the ventricular myocardium [40] . The ST segment corresponds temporally to the plateau phase of the action potential, the repolarization of M cells is temporally aligned with the end of the T-wave, and repolarization of the epicardium is coincident with the peak of the T-wave [40] . Accentuation of spatial dispersion of repolarization due to an increase of transmural, transseptal, or apicobasal dispersion of repolarization can be expected in HCM which can manifest with varying patterns of hypertrophy (e.g., septal, apical, concentric) [41] , regional ischemia due to microvascular dysfunction [42] , and activation delays [43] due to fibrosis and ion channel/gap junction remodeling [44] which could alter the polarity of the ST segment and Twave. This could explain our findings of (1) patients with repolarization abnormalities on EKG having greater impairment of cardiac mechanics than patients with normal EKGs and (2) similarity between the effect of classical strain pattern and non-specific ST depression/T-wave inversion on cardiac mechanics.
Clinical Implications We have identified two main electromechanical profiles in HCM, namely patients with normal baseline EKGs and patients with evidence of LVH+abnormal repolarization (Fig. 5 ). HCM patients with normal EKGs who have been reported to have fewer arrhythmias, symptoms, and better outcomes [32] could have early disease and/or a mild phenotype consisting of very little myocardial fibrosis (which can slow conduction and worsen diastolic mechanics), less hypertrophy and electrical remodeling (which can promote spatial dispersion of repolarization and slow conduction), and less disarray (which slows conduction and may reduce systolic strain). In contrast, one may expect that patients with EKG evidence of LVH+repolarization abnormalities, who were found to have worse diastolic and systolic mechanics in our study, when compared to patients with only repolarization abnormalities, could be at higher risk for ventricular arrhythmias and sudden cardiac death because of increased spatial dispersion of repolarization and greater amounts of fibrosis which can promote reentry. Larger studies with clinical outcomes data will be needed to examine the clinical value of these electromechanical profiles. Since electromechanical abnormalities may reflect the state of fundamental pathologic processes in HCM, they may provide superior prognostic information.
Study Limitations Although we have a relatively large study cohort, we do not have follow-up information to test the clinical value of our electromechanical subgroups in HCM. We used tissue Doppler-based strain measurements. Although speckle tracking strain is gaining popularity due to ease of use, in our hands we have superior signal fidelity and reliability with high frame rate tissue Doppler-based strain echocardiography. Moreover, the challenges with reliable measurement of strain rates using standard frame rate speckle tracking are wellknown. We performed tissue Doppler and speckle tracking strain in 100 consecutive patients and selected tissue Dopplerbased strain for its reproducibility and signal quality. We measured only longitudinal deformation. Longitudinal strain has the best signal quality, is well validated, and is more reproducible by echocardiography than radial or circumferential strain. We did not perform genotyping. Genotyping is not routinely performed in clinical practice and does not influence therapy. Moreover, a causal mutation is not identified in up to 50 % of patients with HCM morphology [45] . To reduce the likelihood of mis-classifying non-HCM patients as HCM, we applied very stringent morphologic criteria for diagnosis of HCM. Also, blood and urine tests were performed in all subjects to rule out phenocopy conditions such as amyloidosis and Fabry's disease. Lastly, due to considerable overlap between individual repolarization abnormalities (Fig. 4) , it was not feasible to study the associated mechanics abnormalities for individual repolarization abnormalities.
Conclusion
In HCM, EKG abnormalities such as LVH, prolonged QT c , strain pattern, and non-specific ST depression/T-wave inversion are markers of impaired systolic and diastolic mechanics. Larger series with outcomes data will help determine whether HCM patients' electromechanical profiles will provide incremental prognostic information.
